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Edited by Judit Ova´diAbstract The reactions of Dopa decarboxylase (DDC) with L-
and D-enantiomers of tryptophan methyl ester are described.
Although both the enantiomers bind to the active site of the
enzyme with similar aﬃnity, their binding modes are diﬀerent.
L-enantiomer binds in an unproductive mode, while D-enantiomer
acts as an oxidative deamination substrate. For the ﬁrst time a
quinonoid has been detected as intermediate of this reaction.
By using rapid-scanning stopped-ﬂow kinetic technique rate con-
stants for formation and decay of this species have been deter-
mined. All these data, besides validating the functional DDC
active site model, represent an important step toward the elucida-
tion of the catalytic pathway of oxidative deamination.
 2005 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Dopa decarboxylase (DDC) is a homodimeric enzyme
belonging to the a-family of pyridoxal 5 0-phosphate (PLP)
enzymes. Its main activity consists in the decarboxylation of
L-aromatic amino acids into the corresponding aromatic
amines as shown in Reaction 1
l-aromatic amino acid! aromatic amineþ CO2
ðReaction 1Þ
Side reactions with turnover times measured in minutes are
also catalyzed by the enzyme. In particular, DDC exhibits
half-transaminase activity toward D-aromatic amino acids
[1], and an oxygen-consuming reaction consisting in the oxida-
tive deamination of aromatic amines [2,3], as shown in Reac-
tions 2 and 3, respectively.
d-aromatic amino acidþ PLP !
aromatic ketoacidþ pyridoxamine 50-phosphate
ðReaction 2ÞAbbreviations: DDC, Dopa decarboxylase; PLP, pyridoxal 5 0-phos-
phate; TrpME, tryptophan methyl ester; IpyME, indolpyruvate
methylester
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ðReaction 3Þ
The latter reaction is also operative with the same stoichiom-
etry in other PLP-dependent a-decarboxylases, like glutamate
and ornithine decarboxylases [4]. In the absence of O2, this
reaction is replaced by a half-transamination [1,3].
Most of the enzymes that utilize O2 as a substrate require a
cofactor to mediate the chemistry with O2. DDC as well as
the other two decarboxylases are quite unusual in that they lack
any of the prosthetic groups or cofactors associated with O2
chemistry. Based on the observation that O2-consuming side
reactions are a general feature of enzyme-mediated carbanion
chemistry [5], a tentative mechanism based on the carbanion
chemistry in an oxygen environment has been proposed for oxi-
dative deamination catalyzed by DDC [6,7]. This mechanism
foresees the formation of a quinonoid intermediate which
should be susceptible to attack by O2. Although this mechanism
is consistent with our data, none of the intermediates of the
reaction could have been detected during spectroscopic studies
of DDCwith aromatic amines, except for the external aldimine.
During the course of investigation of the interaction of both
L- and D-enantiomers of tryptophan methyl ester (TrpME)
with DDC, we collected spectral and kinetic data showing that,
while the L-enantiomer binds to the enzyme in an unproductive
mode, the D-enantiomer acts as an oxidative deamination sub-
strate. The results are the ﬁrst demonstration that (i) D-TrpME
can be a substrate for DDC and may be useful in the design of
mechanism-base inhibitors and (ii) a quinonoid is an interme-
diate of the oxidative deamination reaction. All together these
ﬁndings, in addition to reinforce the previously proposed func-
tional model of the DDC active site [1], represent a step for-
ward the elucidation of the mechanism of oxidative
deamination catalyzed by DDC.2. Materials and methods
2.1. Materials
L-Dopa, PLP, L- and D-TrpME, HEPES, bovine liver L-glutamic
dehydrogenase were from Sigma. Indolpyruvate was from Aldrich.
2.2. Puriﬁcation of DDC and enzyme assays
Recombinant DDC was puriﬁed to homogeneity as previously de-
scribed [2,8]. The enzyme concentration was determined by using an
eM of 1.3 · 105 M1 cm1 [9]. PLP content of holoDDC was deter-
mined by releasing the coenzyme in 0.1 N NaOH and by using
eM = 6600 M
1 cm1 at 388 nm. Production of ammonia by the reac-
tion of DDC with D-TrpME was determined by a spectroscopic assayblished by Elsevier B.V. All rights reserved.
Fig. 1. Time-dependent spectral changes occurring upon addition of
L-TrpME to DDC. Absorption spectra of 8.9 lMDDC (. . .) in 50 mM
HEPES, pH 7.5, and of the enzyme plus 0.5 mM L-TrpME (––) at the
indicated times. Inset: plot of kobs as a function of the L-TrpME
concentration.
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glutarate and ammonia with the concomitant conversion of NADH
to NAD+ [2]. O2 consumption during the reaction of DDC with D-
TrpME was recorded using a Yellow Springs electrode (Yellow Spring
Instruments), as previously described [3]. The reaction was carried out
at 25 C in 50 mM air-saturated HEPES, pH 7.5.
2.3. Identiﬁcation and quantiﬁcation of indolpyruvate methylester
(IpyME) during the reaction of DDC with D-TrpME by HPLC
and mass spectrometry
IpyME was synthesized by indolpyruvate as follows: indolpyruvate
(0.8 mg) was incubated in 0.4 ml 1 M HCl in methanol at room tem-
perature for 24 h. An aliquot of this solution (10 ll diluted in 50% ace-
tonitrile, 0.2% triﬂuoroacetic acid, 1:9 v/v) was submitted to mass
spectral analysis using a LCQ electrospray ion trap mass spectrometer
(TermoFinnigan, San Jose, USA) operating in a positive mode. The
sample was directly infused at 5 l/min; full scan spectrum was recorded
in the range 150–1000 amu. Ions corresponding to the expected mass
were further analyzed as fragment ions (MS2 and MS3). Another ali-
quot of the above solution after 10-fold dilution in 20 mM HEPES
solution was incubated at room temperature for two days. This mix-
ture was then separated by RP-HPLC using a Vydac C18 column
(2.1 · 150 mm) eluted with a linear gradient acetonitrile 5–90% in
0.2% TFA. One-third of the eﬄuent was splitted to the on-line electro-
spray mass spectrometer for both a mass analysis by single ion mass
(SIM) spectrum mode and fragment ions analysis of selected parent
and daughter ions (MS2 and MS3 mode). The solution obtained after
incubating DDC with 10 mM D-TrpME was deproteinized and ana-
lyzed by RP-HPLC and electrospray mass spectrometer as reported
above.
IpyME formed during the reaction of DDC with D-TrpME was sep-
arated by HPLC as previously described [3]. For quantiﬁcation, the
areas were measured and converted to absolute amounts by using stan-
dard reference curves of synthesized IpyME.
2.4. Spectrophotometric measurements
Absorption spectra were carried out using a Jasco V-550 spectro-
photometer at 25 C. CD spectra were obtained with a Jasco 710 spec-
tropolarimeter with a thermostatically controlled cell at 25 C. Spectra
were recorded at a scan speed of 50 nm/min with a bandwidth of 2 nm
and averaged automatically, except where indicated. Fluorescence
spectra were taken with a Jasco spectroﬂuorometer.Fig. 2. Time-dependent spectral changes occurring upon addition of
D-TrpME to DDC. (A) Absorption spectra of 13 lM DDC (. . .) in
50 mMHEPES, pH 7.5, and of the enzyme plus 11 mM D-TrpME (––)
at the indicated times. (B) Time courses of the increase in the
absorbance at 500 nm of DDC in the presence of the indicated D-
TrpME concentrations. Inset: plot of kobs as a function of D-TrpME
concentration.3. Results
3.1. Changes in absorption, ﬂuorescence and CD spectra
Both L- and D-enantiomers of TrpME reacted with DDC to
produce changes in the spectral properties of the enzyme-
bound cofactor. The spectral changes were distinctly diﬀerent
for each enantiomer. The change observed with the L-enantio-
mer was the immediate appearance of a band absorbing at
345 nm and its conversion with time to one absorbing maxi-
mally at 375 nm (Fig. 1). This latter absorbance change fol-
lowed an exponential course and was characterized by an
observed rate constant that increased hyperbolically toward
a limiting value as L-TrpME concentration was increased
(Fig. 1, inset). The data ﬁtted well to a hyperbolic curve with
best-ﬁt values of kmax = 1.13 ± 0.05 min
1 and Kd = 1.08 ±
0.13 mM. When DDC was excited at 345 nm in the presence
of L-TrpME (0.5 mM), the emission spectrum exhibits an
immediate red shift from 388 to 392 nm. Thereafter, the
392 nm emission intensity decreases with time. After gel ﬁltra-
tion on a PD-10 column, the enzyme treated with L-TrpME
results in the complete recovery of the absorbance and CD
features of uncomplexed holoDDC (data not shown).
The reaction of DDC with D-TrpME produced very diﬀerent
changes in the absorption spectrum of the enzyme (Fig. 2A).The major change was a large, initially rapid, appearance of
an absorbance band with a maximum at 500 nm with a
concomitant disappearance of the absorbance at 420 nm.
Thereafter, the 500 nm band decreases with time. A large in-
crease of the absorbance in the 330 nm region was observed
Fig. 4. Formation of IpyME and ammonia and O2 consumption
during the reaction of DDC with D-TrpME. DDC (8 lM) was
incubated with in 50 mM HEPES, pH 7.5, with 10 mM D-TrpME.
IpyME and ammonia formation and O2 consumption were measured
as described under Section 2. (s) IpyME; (n) ammonia; (.) O2
consumed.
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experiments show that the time courses of the 500 nm species
follow a clear biphasic behavior (Fig. 2B). The ﬁrst phase
shows a concentration dependence (inset of Fig. 2B). Fitting
of these data to the following equation:
kobs ¼ kf ½d-TrpMEKeq þ ½d-TrpME þ kr;
where kf is the rate constant for the forward reaction and kr is
the rate constant for the reverse reaction, gives kf for the
deprotonation of 9.3 ± 0.8 s1, while the rate constant for rep-
rotonation of the quinonoid, kr, is 0.015 ± 0.004 s
1. We next
determined the rate constant for breakdown of the quinonoid
intermediate at various D-TrpME concentrations. The kobs val-
ues show a hyperbolic behavior giving a rate constant at satu-
ration of 0.38 ± 0.03 s1.
Upon the addition of D-TrpME to the enzyme, the CD spec-
trum was altered, forming a new spectrum with positive di-
chroic bands at 350 and 500 nm. A decrease of the 500 nm
dichroic signal with time could be observed (data not shown).
3.2. Identiﬁcation and quantiﬁcation of the products of the
reaction of DDC with D-TrpME
Reaction of DDC with D-TprME causes the production of
ammonia and IpyME, as revealed by a coupled assay system
utilizing glutamate dehydrogenase and by HPLC together with
mass spectrometry, respectively. IpyME, synthesized by incu-
bation of indolpyruvate in acidic methanol, was analyzed by
ES-IT mass spectrometry. Full scan ion spectrum acquired in
single MS positive mode by infusion injection, showed pre-
dominant ions at m/z 218 and 216, the latter present as the pre-
dominant peak. MS2 mass spectra of both ions gave identical
prevalent ion at m/z 188. HPLC separations of the IpyME
incubated in HEPES and of the solution obtained after incuba-
tion of D-TrpME with DDC were on-line analyzed by ESI.
Both chromatographic and ESI analysis demonstrate the pres-
ence of IpyME in enzymatic solution (Fig. 3A and B).
As shown in Fig. 4, there is concurrent production of equiv-
alent amounts of ammonia and IpyME which parallels a con-
sumption of molecular oxygen in a 1:2 molar ratio with respect
to the products. Thus, DDC catalyzes an oxidative deamina-
tion toward D-TrpME with a stoichiometry identical to that al-
ready described for the aromatic amines [3,5]. The steady-stateFig. 3. Separation and mass spectrum of IpyME. (A) Chromato-
graphic separation of D-TrpME (fuchsia trace), IpyME (green trace)
and reaction mixture of D-TrpME and DDC (blue trace). In the inset B
mass spectrum collected at the retention time of IpyME is shown.kinetics for oxidative deamination of D-TrpME has been mea-
sured using the auxiliary enzyme glutamate dehydrogenase,
with resulting values for kcat of 0.88 ± 0.15 min
1 and Km of
3.6 ± 0.9 mM.4. Discussion
The visible absorbance and CD spectral changes that occur
when either D- or L-TrpME are added to DDC indicate that
both these substrate analogues bind to the active site of the en-
zyme with similar aﬃnity. Nevertheless, they exhibit a diﬀerent
mode of binding to the active site of the enzyme. The major
change observed with the L-enantiomer was the rapid conver-
sion of the chromophore absorbing maximally at 420 nm due
to the protonated internal aldimine to one absorbing maxi-
mally at 345 nm followed by a time-dependent conversion of
the 345-nm absorbing form to an absorbance band centered
at 375 nm. In analogy with what it has been previously pro-
posed for the enzyme-aromatic amine complex, the 375 nm spe-
cies can be attributed to a 4 0-N-unprotonated Schiﬀ base [10]. It
is not possible to assign rigorously the structure of the 345-nm
intermediate; however, since it is formed prior of the external
aldimine and emits at 390 nm, it is likely that this intermedi-
ate is a gem-diamine. Since no further other changes have been
observed, the reaction of DDC with L-TprME seems to stop at
the external aldimine, thus indicating a non-productive binding
mode of this substrate analogue to the enzyme. The structures
of the intermediates of the reaction of DDC with L-TrpME are
reported in Fig. 5. According to the Dunathans hypothesis for
control of reaction speciﬁcity in PLP-enzymes [11], a functional
model of the active site of DDC has been already proposed [1].
In this active site model, decarboxylation of L-aromatic amino
acids requires placement of the carboxylate in the subsite a for
it to be labilized (conformation I, Fig. 6). Based on this model,
and under the plausible assumption that the side chain of L-
TrpME is oriented in the same relative position of L-aromatic
Fig. 6. Conformations of substrates and substrates analogues in the DDC active site. The PLP ring is represented by the circle, while the aldimine
linkage is represented by the short, bold line. The view is directly down the Ca–N bond of the external aldimine.
Fig. 5. Proposed pathway for interaction of DDC with L-TrpME.
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L-TrpME the subsite a (conformation II, Fig. 6) will accept the
carboxy methyl group which, in contrast to the carboxyl group,
is not a good leaving group. Thus, the external aldimine would
have no other fate than to dissociate reversibly. These data areconsistent with the observed non-productive binding mode of
L-TrpME to DDC.
The main absorbance changes observed with the D-TrpME is
the appearance of absorbance bands at 330 and 500 nm. The
ﬁrst band increases remarkably, while the latter decreases with
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was altered, forming a new spectrum with positive dichroic sig-
nals at 350 and 500 nm. While the 350 nm CD band remains
unaltered, the 500-nm CD band decreases with time. A
350 nm positive dichroic band, observed upon addition of a-
methylDopa to DDC, has been already attributed to a deproto-
nated external aldimine [3]. Chromophores with absorbance
maxima at approximately 500 nm in reaction of PLP-enzymes
are generally considered to be due to extensively delocalized
carbanion–quinonoid structures that occur when a proton, or
the CO2, or the side chain of the substrate are abstracted from
Ca [12]. By means of the glutamate dehydrogenase system to-
gether with HPLC and mass spectroscopic analysis, we demon-
strate that during the reaction of DDCwith D-TrpME there is a
concurrent production of equivalent amounts of IpyME and
ammonia. The huge increase of the 330 nm absorbance band
observed upon addition of D-TrpME to DDC is consistent with
the production of IpyME. Furthermore, molecular oxygen is
consumed during the reaction in a 1:2 molar ratio with respect
to the produced ammonia and IpyME. These data clearly dem-
onstrate the occurrence of an oxidative deamination of D-
TrpME by DDC. The catalytic eﬃciency of this reaction is
240 M1 min1, 5-fold lower than that for dopamine and
serotonin and 500-fold lower than that for a-methylDopa
[3]. Analogous with the already proposed mechanism for the
oxidative deamination of aromatic amines [6,7], it is reasonable
to postulate that the oxidative deamination of D-TrpME occurs
according to the mechanism outlined in Fig. 7. However, this isFig. 7. Proposed pathway for reactthe ﬁrst time that a quinonoid intermediate could be detected
during the oxidative deamination catalyzed by DDC. This al-
lows us to substantiate the presence of this species in the cata-
lytic pathway of the reaction. Therefore, this ﬁnding, that is
consistent with the previously proposed mechanism [6,7] at
least up to the quinonoid formation, represents an important
step for unraveling the catalytic mechanism of this unusual
PLP-dependent reaction. It should also be noted that estimates
of the rates of formation and degradation of the quinonoid spe-
cies indicate that these steps are not rate limiting. The mecha-
nism presented in Fig. 7 is similar to the one proposed by
Schloss [13] for the oxygen-consuming side reaction catalyzed
by a bacterial form of glutamate decarboxylase [5]. However,
it has been postulated that the quinonoid of glutamate decar-
boxylase is oxygenated at the Ca, and that H2O2 is one of the
products of the reaction. It is worth pointing out that actually
we are not sure about the absence of H2O2 among the reaction
products of DDC because of the interference of the aromatic
substrates with the chromophores usually employed in the
horse radish peroxidase assay. To explain the stoichiometry
of the reaction, it can also be suggested that O2 is ﬁrst reduced
to H2O2 and then H2O2 is used in the second round of the
reaction.
In addition, these data, along to validate the model of DDC
active site, allow drawing interesting considerations concerning
the variation of reaction speciﬁcity of DDC with substrate
structure. Unlike D-TrpME, D-aromatic amino acids have been
found to undergo half-transamination [1]. Assuming thation of DDC with D-TrpME.
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amino acids or D-TrpME, D-aromatic amino acids and
D-TrpME can be bound in the conformations III and IV
(Fig. 6), respectively. Although both these conformations
orient the Ca–H bond perpendicular to the plane of the cofactor
system, conformation III is productive for half-transamination,
whereas conformation IV is productive for oxidative deamina-
tion. For comparison, in Fig. 6 conformation V illustrating the
potential bindingmode of aromatic amines is also reported. The
only clear diﬀerence between the quinonoid intermediate pro-
duced by deprotonation of conformation IV or V and that
formed by deprotonation of conformation III is at subsite c
which accommodates a carboxy group (conformation III) or
a carboxymethyl ester group (conformation IV) or an hydrogen
atom (conformation V). This diﬀerence could account for the
diﬀerence in the reaction pathways available for D-TrpME or
aromatic amines in comparison with that for D-aromatic amino
acids. The absence of the carboxy group or its esteriﬁcation
could increase the non-polar character of subsite c. Thus, one
might speculate that increasing the apolarity of subsite c in-
creases the access of O2 to the active site of DDC, thus, favoring
the occurrence of oxidative deamination over the half-transam-
ination. It remains to establish if the quinonoid or another suc-
cessive intermediate during the catalytic pathway of oxidative
reaction is susceptible to O2 attack.
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